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RATIONALE FOR STRUCTURAL INSPECTIONS 
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SUMMARY 

During the past few years, methods have been developed to predict the 
reliability of aircraft structures. They depend upor inspection effective- 
ness which, in turn, depends upon structural complexity, quality, and the 
percentage of the structure inspected. Reliability can be enhanced by 
choosing materials properly, designing damage— tolerant structures, and 
increasing inspection frequency. And, for fleet operations, costs can be 
minimized through proper inspection schedules, and enhanced reliability 
c an be compatible with minimum cost. The methods are derived from a combi- 
nation of probability theory and engineering equations. 


INTRODUCTION 

During the past few years, methods have been developed to predict the 
reliability of aircraft structures. The methods are derived from a combi- 
nation of probability theory and engineering equations. Their earliest 
application was to military aircraft operations, where the military urgently 
needed ways to prolong fleet life and to ensure that enough aircraft were 
always available for use. The purpose of this paper is to acquaint the 
operators of the commercial fleet with these methods and how they have been 
used to improve reliability and reduce the cost of operations. 

The discussions in this paper are not meant to serve as "cookbook" 
guides to application, but only to synopsize some of the methods applicable 
to commercial fleet operation. Those who wish to apply these methods to 
their own fleet operations are urged to consult the references which 
discuss, in more detail, how the methods aro used and what data are needed 
as input for the analyses. 


INSPECTION 

Reliability methods depend upon inspection. Figure 1 shows a typical 
inspection problem encountered in the laboratory. The specimen, about 
5.5 cm wide, is subjected to repeated loads in tension. If a crack grows, 
it will start at the small drilled holes and will propagate across the 
width. Cracks 0.1 mm long can be found easily for two reasons: the 

inspector knows where to look, and the specimen is accessible. 

Figure 2 is a photograph of an aircraft wing box, a much harder inspec 
tion problem. Sometimes the inspector knows where to look (for example, if 
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he is responding to an airworthiness directive), but, even so, cracks can occur 
anywhere. And a few parts of the ui nicinir are Inaccessible to anything except 
a teardown inspection. Practical Inspect inn and reliablJJty methods must take 
into account the possibility of random 1 law locations, multiple flaws, and area 
inaccessibility. 

The reliability after inspection depends upon how well a crack can be 
detected. Figure 3 (refs. 1 to 3) shows some typical data for the probability 

of detection (solid lines). In contrast, the dashed lines shot*; some empirical 

fits; they can be adjusted analytical Jy to match reasonably smooth experimental 
curves fairly well. In general, the probability of detection is larger for 
longer cracks. Ultrasonics and dye pc net rani inspections are more sensitive 
than X-rays, but to use them the area must be accessible. X-rays are used for 

inaccessible areas, but the radiation source must be positioned directly over 

the crack. The data in figure 3 are from detectability tests generally under 
laboratory conditions. Part of the reason that the experimental curves are not 
smooth is the paucity of data, even though these curves were obtained during an 
extensive and well-planned program. The unevenness of the curves illustrates a 
point: not much data exist yet about the inspection process, a process that 

includes both apparatus and inspector. A statistician, of course, would want 
enough data points to establish 90-percent or 93-percent bounds on the curves. 

Figure 4 (ref. 4) shows one of the empirical curves. It has several 
features. First, if the crack is short enough, it cannot be found (detect- 
ability is 0). Second, there is a crack length that corresponds to some given 
detectability; here, cracks oi length a and longer can be found at least 
90 percent of the time. And finally the curve may never reach 1.0 because, for 
various reasons, even long cracks are occasionally overlooked* Sometimes the 
curve may not be completely defined, but fur some uses, only the crack length 
at some percent of detectability needs to be known. Such a simple case is con- 
sidered first. 

With these aspects in mind, iiguLe 5 (ref. 5) relates the reliability after 
inspection to the probability that t he part was crack free before inspection. 
Reliability here has a specific meaning: a part that has passed inspection has 

passed because it was thought to have* been crack tree. Reliability after 
inspection is the probability that the pari actually is crack free. Detect- 
ability is a parameter for the various curves. Here the inspector knows where 
to look, and only must decide whether on*. crack of some given length (such 
as 4 mm) or longer is, or is not, present, This is a simple inspection case. 
Note that all the curves lie above the no- inspect ion line, showing that inspec- 
tions always enhance reliability. And, because they increase monotonically , 
high initial quality (reliability before inspection) always enhances final 
reliability. 

However, quite frequently a c rack u r c racks can appear at random locations 
(as, for example, iu the structure in lig, «!). And, in such a case, the actual 
number of cracks is not known. Figure o shuva. tin* re J iabi lity after Inspection 
as a function of the detect ab i I i t> *<>! the rare where the actual number of 
cracks in a given piece' fa a randnn iiurilwt , Fni.c-ou distributed. The mean (or 
average) number of cracks per pi* c* b* ion inspect ion is the parameter shown 
beside each curve. Cruets might hi anyv/ln t e in the structure. Reliability 
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is significantly enhanced if detectability is high. (High detectability implies 
an effective inspection procedure.) Jf a part contains, on the average, 

10 cracks before inspection, detectability must be very high if the part is to 
be reliable after Inspection. 

Figure 7 is like figure 6, except that figure 7 applies to a case where 
25 percent of the structure is inaccessible for inspection. Because there is 
a chance that some of the randomly located cracks might be in the uninspected 
region, the curves in figure 7 are lower than the curves in figure 6. Note in 
particular that 100 percent reliability cannot be attained, even if cracks are 
100 percent detectable. At mean of 1 flaw per parr the highest that reliability 
can be is about 0.78. 

Up to this point, unreliability has been defined as having an overlooked 
crack; unreliability has not necessarily meant that a part will fail. (Ways to 
build crack-tolerant structures, where the seriousness of small undetected 
cracks is minimized, are discussed subsequently.) Consider the case where an 
overlooked crack grows longer under the influence of stress changes due to gust 
and maneuver loads. Reliability is redefined to mean that any crack present 
will not grow to be "critically long" before the next inspection. A critical 
length may be the length at which the structure no longer supports limit loads, 
or some shorter length, perhaps one that only makes passengers nervous if they 
see it. Whatever the chosen definition, critical length is some fixed value 
that must not be exceeded, and the structure is reliable only if the critical 
length is not reached. 

Figure 8 (ref. 4) illustrates a distribution function that represents 
crack lengths. The solid curve indicates that short cracks are likely to occur 
much more often than long cracks do. After some initial flights the cracks 
grow, so that the dashed line represents the new crack length distribution. 
During inspection, the longer cracks are likely to be discovered and fixed, so 
that the dashed-dot line represents the distribution after inspection. The 
dashed-dot line fairs into the dashed curve at the limit of detectability — 
shorter cracks are not detectable. During subsequent flights, unrepaired 
cracks continue to grow. 

Figure 9 shows the results of an analysis that recognizes growing cracks. 
The two curves illustrate the relative impact of various inspection schedules. 
The abscissa is the frequency of inspection; it is the number of inspections 
scheduled during a period whose length is such that a just-detectable crack can 
grow to critical length. The two symbols have the following definitions: 
t c is the time at which a crack just becomes critically long and tj is the 
time at which the crack becomes long enough to be detectable (for example, 
detectable 90 percent of the time). The curve illustrates the reliability 

for surviving one inspection pitied with no initial inspection, ’the curve n j., 
is for survivai of one period with an initial inspection, it is aigher because 
the extra inspection is likely to cisov<r nota. > r.icl s that could prow to criti- 
cal length between inspei t i oils. 
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It is hoi piui of course , to know what wise crack i.,ust m k.nnd * L .. loop tin- 
structure reliable between Inspections. Figure 10 shows "sale" .rack lengths 
plotted against the normalized Inspection frequency. First, looi aL the curve 
for a criLicai crack lengta u c of 100 t.un. At a frequency m two inspections 
during the normal period, all cracks shorter than 7.7 mm mist ,-,o ueteeted. tit: 
the other Hand, if a c » «*> (in an Infinitely tougn material), aa inspector 
must still find all cracks longer than 8.J, nua , so switching to a tough material 
uoes not ueip muon when inspections are infrequent. For more lrequent inspec- 
tions tolerable crack lengths are longer, but also Lae curves separate. Rougher 
materials can help to alleviate an inspection detectability problem if inspec- 
tions are frequent, if the structure remains strong even with i .oderatc-1- - long 
cracks, then, of course, it remains reliable. Since a moderate Iv long crack 
can be detecteu more easily than a snort crack, the detectability problem is 
moderated, and the structure is more likely to he; repaired before the crack, 
becomes critically long. 

figure 11 (ref. 6) shows how the choice oi matt-rial influences performance, 
for structures in tension, such as the lower wing surface, stress/uensi ty is a 
measure of the load-carrying ability per pound of structure, high values on t.io 
oruinate indicate efficient structures. The lift requirement is the life oi the 
aircraft, or, perhaps as in this discussion, the Lime between inspections. the 
^• n ^^ a -l- ^ aw (crack) size is the length oi a crack just a bit smaller tii.ui that 
which can be detected, abac steel i ; . tin most efficient ot tin- Lnj.t materials 
if very small cracks, for example, 1 urn, can be ieuiui. i itanium is i cst it a 
somewhat longel crack must be tolerated; hut cracks grow relatively fast in 
titanium, so the useful life is nut as long as for 2 02 m - 1 3 aluminum wait. cat. 
tolerate much longer cracks than the other two material.' can. 


in addition to choosing Lite proper naterial, the .structure itself can m- 
maeie; crack tolerant (ret. 7). Figure 12 is not only a j r.ipn oi residin'. 1 
strength, it is also a sketch of a panel with t ivt ten st ring- rs. utilv tin* right 
half of the panel is sketched; the panel is symmetrk ai out ti.e vettkai cutter 
Hue (the ordinate). Only one- half of Lite rravl is shown, it, t. . , i.. svniittic, 

1 igure 12 shows how riveted stringers help- to retain l ; . . ■ i o.m-i .irrv it.g ability 
oi a cracked plate. Here load-carrying ..»• i 1 1 1 y is. plotted against cr.-ci m-ngth. 
'ihc dashed line t.hows tiu- strength el a plat, vita t;.- st ilk-mi-. tb, per- 
centage of material in the stiffeners, iaenase.., , t . . !• * t v i 

ability, litis is because the* stillemrs pki iq tin r. • i . i, 1 t;-.. ct.ui- 

passes underneath, borne structures havt ii.tt,r,.! • tiit.i-. t*. i t . - . t - .... .: ii\ni.-<! 

stiffeners; a panel with integral stilk-mn ...at t t.-k ranee 

as a panel without stiffeners because the sf i t k i « r . : . • . k i... , , v ,. 

Thus proper materials a,.d construct let. < :b < j . . , ..a . r 

cracks can l?o tolerated, and an ititq-e. tot i t. . ,, , 

long cracks. 
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MINIMIZING COSTS OF OPERATION 


Reliability methods can be applied to economy of fleet operation. Fig- 
ure 13 (ref. 8) shows the cumulative cost of inspection and repair plotted 
versus design lifetimes. The data are for a fleet of fighter aircraft with a 
design life of 6600 flights. The aircraft are inspected every 2200 flights. 

The top curve is total cost, and the next is repair cost; the dash-dot curve is 
Inspection cost. Repair cost is the major contributor to total cost. Note that 
the cumulative total cost and cumulative repair cost begin increasing rapidly 
after the aircraft has been in service for two lifetimes. Figure 14 is the same 
data for inspections scheduled every 1100 flights. It is cheaper to inspect and 
repair every 1100 flights, chiefly because cracks remain small and are cheaper 
to repair. For example, small cracks near holes can be fixed by reaming the 
hole, whereas larger cracks may lead to major rework* The lower repair cost 
more than offsets the larger inspection cost. 

Of course, the cost of extremely frequent inspection might overwhelm the 
gain in repair cost, and consequently an optimum inspection frequency exists 
(ref. 9). Figure 15 shows how this optimum can be found. (Some commercial 
transport data were used in computing this figure.) The ordinate is the total 
operating cost, including the expected cost of failure of the aircraft, divided 
by the cost of failure. (The expected cost of failure is generally low, because 
it is the product of the cost of failure and the unreliability, and the unre- 
liability is a very small number.) The cost of failure can include replacement 
cost, insurance losses, ancillary damage, lawsuits, etc. The abscissa is the 
number of scheduled inspections per design lifetime. The parameter for the 
various curves is the inspection cost divided by the cost of failure. Each 
curve has a minimum, located by the dashed line; at which the expected operating 
costs are minimized. 

In figure 16 some data have been added to figure 15. The dot-dashed curve 
is the probability of failure, calculated by methods somewhat like those dis- 
cussed previously. If operations are to be constrained to some value of unre- 
liability, such as 10" 3 (reliability of 0.999), then each aircraft must be 
inspected at least seven times during its design lifetime. Thus, for a para- 
metric value of 10~ 3 , the aircraft must be inspected more often than it would 
have been to minimize expected operational costs. But for parametric values 
of 10~^ and smaller, the minimum cost number of inspections leads to reliability 
greater than 0.999. Thus, for certain values of the parameter, enhanced reli- 
ability and lower operational costs go together. 


CONCLUDING REMARKS 

To sum up, inspection effectiveness depends upon structural complexity, 
quality, and the percentage of the structure Inspected. Reliability can In- 
enhanced by choosing materials properly, designing damage-tolerant structures, 
and increasing inspection frequency. And, for fleet operations, costs can he 
minimized through proper inspection schedules, and enhanced reliability can In- 
compatible with minimum cost. 
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Figure 3.- Typical data and empirical curves for probability 
of detection (ref. 1) . Empirical curves can be adjusted 
to fit experimental data. 



Figure 4.- An empirical curve for probability of detection 
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INITIAL QUALITY (RELIABILITY BEFORE INSPECTION) 

Figure 5.- Quality, detectability, and reliability. 
Crack site known. 
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Figure 6.- Quality, detectability, and reliability. 
Randomly distributed crack sites; 100 percent of 
structure inspected. 





Figure 7,- Quality, detectability, and reliability. 
Randomly distributed crack sites; 75 percent of 
structure inspected. 



CRACK LENGTH 


Figure B. - I> 1st ribul 1 on fun< t Ions for crack length. 
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Figure 13.“ Relative costs. Inspection 
interval 2200 flights. 
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Figure 15.- Optimum number of inspections 
per lifetime. 
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Figure 16.- Optimum number of inspections per lifetime 
and probability of failure. 



